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Abstract
The orphan nuclear receptor Ftz-F1 is expressed in all somatic nuclei in Drosophila
embryos, but mutations result in a pair-rule phenotype. This was explained by the interac-
tion of Ftz-F1 with the homeodomain protein Ftz that is expressed in stripes in the primordia
of segments missing in either ftz-f1 or ftz mutants. Ftz-F1 and Ftz were shown to physically
interact and coordinately activate the expression of ftz itself and engrailed by synergistic
binding to composite Ftz-F1/Ftz binding sites. However, attempts to identify additional tar-
get genes on the basis of Ftz-F1/ Ftz binding alone has met with only limited success. To
discern rules for Ftz-F1 target site selection in vivo and to identify additional target genes, a
microarray analysis was performed comparing wildtype and ftz-f1 mutant embryos. Ftz-F1-
responsive genes most highly regulated included engrailed and nine additional genes
expressed in patterns dependent on both ftz and ftz-f1. Candidate enhancers for these
genes were identified by combining BDTNP Ftz ChIP-chip data with a computational
search for Ftz-F1 binding sites. Of eight enhancer reporter genes tested in transgenic
embryos, six generated expression patterns similar to the corresponding endogenous gene
and expression was lost in ftz mutants. These studies identified a new set of Ftz-F1 targets,
all of which are co-regulated by Ftz. Comparative analysis of enhancers containing Ftz/Ftz-
F1 binding sites that were or were not bona fide targets in vivo suggested that GAF nega-
tively regulates enhancers that contain Ftz/Ftz-F1 binding sites but are not actually utilized.
These targets include other regulatory factors as well as genes involved directly in morpho-
genesis, providing insight into how pair-rule genes establish the body pattern.
Introduction
Highly conserved cascades of regulatory genes control embryonic development of diverse ani-
mal species. These regulatory genes are often members of large families, encodingDNA bind-
ing transcription factors (TFs) that activate or repress expression of larger sets of downstream
or target genes that are directly involved in cell growth and differentiation. Understanding
mechanisms used by embryonic TFs to select genomic binding sites is key to understanding
their function. Protein-protein interactions play a major role in target site selection,
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particularly for transcription factors with weakmonomeric DNA binding specificity. Addition-
ally, the activity of ubiquitously expressed TFs can be limited by restricted expression of a key
partner protein, thus relieving constraints on specific expression domains for the remaining
members of a regulatory complex.
The Hox family of TFs regulates segmental identity and controls diverse processes in all
metazoans. Hox proteins share a highly conserved sequence-specificDNA binding domain,
the homeodomain [1]. Despite the unique biological activities seen for individual Hox proteins
in vivo, their homeodomains all bind very similar DNA sequences [2, 3] (reviewed in [4]. This
‘Hox paradox’ was thought to have been resolved by the identification of binding partners for
Hox proteins, including the divergent homeodomain-containing protein, Extradenticle (Exd),
which provides increased specificity to Hox DNA binding [5–9]. However, it is surprising that
so many Hox proteins can heterodimerizewith the same partner and maintain diverse regula-
tory specificity. Recent reports suggest that Hox-Exd specificity is achieved through the differ-
ent protein complexes’ distinguishing between different low affinity binding sites [10]. In
contrast, the Hox protein Fushi Tarazu (Ftz), which functions as a pair-rule segmentation gene
inDrosophila, has acquired a unique partner, the orphan nuclear receptor Ftz-F1.
ftz arose as a homeotic gene as a result of an ancient duplication of a ftz/Antennapedia
ancestral gene but has taken on exclusive pair-rule function inDrosophila. Ftz lost the ability to
functionally interact with Exd inDrosophila and gained the ability to specifically interact with
Ftz-F1 [11–18] (reviewed in [19, 20]. Ftz and Ftz-F1 form a stable complex in vitro and in vivo
and bind synergistically to DNA sequences that contain binding sites for both Ftz and Ftz-F1
(composite sites) to coordinately activate transcription. Ftz-F1 has a longer and more specific
DNA binding site than do Hox proteins, increasing the specificity of binding for the Ftz/Ftz-F1
heterodimer in vivo. Thus, the Hox protein Ftz evolved a method for achieving specificity dif-
ferent from other Exd-dependent Hox proteins, possibly obviating the requirement for Ftz and
its partner to distinguish between high and low affinity sites, as do Hox-Exd complexes. At the
same time, despite the fact that ftz and ftz-f1mutants display indistinguishable pair-rule
mutant phenotypes, Ftz-F1 is expressed in all somatic nuclei at the blastoderm stage and is a
strong transcriptional activator in vitro [11, 17, 21]. This suggested that its activity is limited to
cells which co-express Ftz (Ftz+ cells). In Tribolium castaneum, Ftz-F1 is expressed in stripes
and has pair-rule function that appears to be independent of Ftz, suggesting that constraints on
Ftz-F1 expression inDrosophila were relaxed as a result of its obligate interaction with Ftz,
expressed in stripes [22]. However, the possibility that Ftz-F1 regulates a subset of genes in
Drosophila in cells lacking Ftz (Ftz- cells) has not been ruled out.
Previous attempts to characterize how Ftz and/or Ftz-F1 regulate their targets have met
with some success in identifying new target genes and associated Ftz/Ftz-F1-responsive cis-reg-
ulatory elements (CREs). One of the best characterized targets of Ftz and Ftz-F1 is ftz itself,
which is autoregulated through independent enhancers in the upstream element [23, 24]. Simi-
larly, Ftz and Ftz-F1 coordinately regulate the expression of engrailed (en) in seven stripes
through binding to composite sites in an intronic CRE [12]. A computational screen based on
predicted Ftz/Ftz-F1 binding sites in the genome identified apt and Sulf1 as Ftz/Ftz-F1-respon-
sive genes, while a screen based on expression patterns of candidate targets identified drm, noc,
and 5-HT2A [25, 26]. Of the seven targets characterized in these studies, including ftz itself and
en, Ftz/Ftz-F1-responsive CREs were identified for only three of these–ftz, en, and drm. Each
contains consensus Ftz and Ftz-F1 binding sites but no other sequence features distinguished
these enhancers.
Here we identified Ftz-F1-responsive genes by microarray analysis. The top candidate genes
were tested as possible Ftz/Ftz-F1 targets by examining their expression patterns in relation to
ftz expression and expression in ftz and ftz-f1mutants. Interestingly, all candidates that were
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dependent on Ftz-F1 also required Ftz, supporting the model that Ftz and Ftz-F1 are obligate
partners in gene regulation in the early embryo. To determine whether these are direct Ftz/Ftz-
F1 targets, the DNA surrounding these targets was examined for Ftz binding and candidate
Ftz-F1 binding sites. Six of the eight candidate enhancers tested directed reporter gene expres-
sion in patterns resembling the endogenous gene, and expression was dependent upon Ftz.
Analysis of motifs suggested that Deaf-1 and Zeste may function as co-activators of Ftz/Ftz-F1
targets while DNA-binding proteins GAGA factor (GAF) and Dichaete may inhibit Ftz/Ftz-F1
genomic binding.
Materials and Methods
Fly stocks and molecular genetics
Flies were maintained at 25°C on a standard diet. The ftzmutant was ftz9H34/TM3Ser, hb-lacZ,
with expression of β-galactosidase used to identifymutant embryos. Enhancer-reporter con-
structs were constructed by PCR isolation of ~ 1kb regions of genomic DNA inserted into the
following sites of attBlacZ, upstream of a basal promoter and lacZ: ken—EcoRI/ XbaI, aay—
EcoRI/XbaI,mid–HindIII/XbaI, tal—HindIII/XbaI, 5-HT2A –EcoRI/XbaI, trn–HindIII/XbaI,
hh–XbaI/HindIII,Antp–HindIII, XbaI, and blot–XbaI/NotI. The PhiC31 integration system
was used to insert transgenes into the genomic attP site VK00022 in chromosome II. Trans-
genic fly lines were generated by Rainbow Transgenic Flies, CA and BestGene, CA and were
maintained as homozygotes. One transgenic line, containing the blot enhancer construct, was
homozygous lethal but, when crossed into a ftzmutant background, was homozygous viable.
In this ftz background, a rare phenotype was observed in which part of the right dorsal thorax
was missing and only the left wing was present. To examine transgene expression in ftz
embryos, virgin females w; ftz9H34/Tm3Sb were crossed with w; P[enhancer-lacZ]/P[enhancer-
lacZ];Dr/Tm3Sbmales. From this cross, w; P[enhancer-lacZ]/+; ftz9H34/Tm3Sb males and
females were crossed to generate w; P[enhancer-lacZ]/P[enhancer-lacZ]; ftz9H34/Tm3Sb. Off-
spring were self-crossed to analyze expression in a ftz background. Embryos derived from ftz-
f1 germline clones (referred to as ftz-f1mutants) were generated with the autosomal FLP-DFS
technique [27–29] using ftz-f119 [30, 31]. Briefly, yw hsFLP;FRT2Aftz-f119/TM3Sb virgin females
were crossed with w; FRT2A ovoD/TM3Sbmales. Females were allowed to lay eggs for 1 day in
vials and their progeny were heat-shocked for 2 hours at 37°C in a circulating water bath on
the third and fourth days after egg laying. Subsequently, embryos derived from the females of
genotype yw hsFLP;FRT2Aftz-f119/ FRT2A ovoD (identified as non-Sb females) were analyzed.
All of the FRT2A ovoD recombinant chromosomes were associated with a fully penetrant DFS
phenotype such that all eggs laid by these females are derived from germline recombination
events. For the control for the microarray experiment, yw hsFLP;FRT2A/ FRT2A virgins were
crossed to w; FRT2A ovoD/TM3Sbmales and subjected to the same heat shock and selection
protocol in parallel.
For in situ hybridization, standard protocols were followed [32, 33] with one modification—
in place of Proteinase K treatment, embryos were heated at 95°C for 5 minutes. Primer
sequences for probes available upon request. Standard protocols were followed for antibody
staining [34]. For reporter constructs, anti-β-galactosidase antibody (Cappel, 1:2000) was used.
Stained embryos were visualized using DIC on a Leica DMRBmicroscope, a Zeiss Discovery
V12, or a Leica SP5X Confocalmicroscope.
Microarray
ftz-f1 or control females (see above) were mated to w1118males in collection cages at 25°C and
allowed to lay eggs for up to 2 hours. Eggs were dechorionated in 3% sodium hypochlorite for 3
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minutes and then covered with halocarbon oil and aged. Embryos were visualized under phase
contrast optics at 100-200x magnification. Individual embryos were pooled into groups of
roughly equivalent developmental stages and kept out of the light path of the microscope as
much as possible. To generate pools of embryos at specific stages, each pool was monitored
closely and selected by visual inspection at late cellularization, stage 5, at the onset of gastrula-
tion, stage 6, or at mid germband extension, stage 8. Embryos were manipulated using a small
needle. As each embryo reached the desired stage of development, it was transferred to 100 μl
of TRIZOL on ice. Approximately 100 embryos were collected per time point. Individual col-
lections were stored at -80°C. Each experiment was done in triplicate. Total RNA was extracted
using the Qiagen RNEasy kit according to standard protocols. Samples were processed using
the Affymetrix one-cycle cDNA synthesis protocol prior to hybridization to AffymetrixDro-
sophila 2.0 expression arrays.
Affymetrix drosophila2 genechip CEL files were imported into BioConductor/R [35] using
the ReadAffy function of the affy package [36] and assigned to developmental stage (5,6,8),
wildtype or ftz-f1mutant condition (0,1) and batch number (processing and hybridization
batch). Using 3 replicates of 3 stages and 2 states of ftz-f1 gave a total of 18 genechip arrays. All
arrays were normalized by the expresso function using quantiles normalization, only perfect
match, and median polish summarymethod. This generated the normalized expression set
used for all further data analysis. The normalization procedure produced log2 expression
results, and the fold change between the average of any two data sets s1 and s2 was calculated
as s2  s1
js2  s1j 2
js2  s1j. To identify differentially expressed genes showing a response to the presence or
absence of functional Ftz-F1, the microarray analysis of variance package, maanova [37], was
run in oneColormode fitting a mixed effect ANOVA model using the formula ŷ = Stage+Ftz.
F1+Batch. Batch represents the groups of RNA that were processed and hybridized on the
same day and was treated as a random or non-repeatable term in the model. The functionmat-
est was run with a permutation count of 100 to compute the p-value for the Ftz.F1 model term.
p-values were further controlled for the N discovery rate using the Q-value method of the
adjPval function [38]. Probesets having an FDR adjusted p-value< 0.05 were considered
potential target genes.
Motif Analysis
401bp windows surrounding the peak Ftz binding position for all intervals [39] were merged
and the underlying genomic sequences were extracted from a repeat masked copy of theDro-
sophila melanogaster genome. This dataset was processed with the meme application fasta-get-
markov, to generate a 5th order hiddenmarkov model of the available background enhancers
found in theDrosophila blastoderm [40]. This model or its associated fasta file were used as the
backgroundmodel for all relevant processes of the meme suite of applications. A subset of the
401bp sequences, defined by the ftz_3_032707-sym-1 dataset, was used as the positive set for
Ftz binding. This set contains 403 intervals identified as bound by Ftz in stage 5 Drosophila
melanogaster embryos, along with the location of maximal binding within each interval. Geno-
mic sequence for each of these regions was extracted from the repeat masked genome. For both
MEME and DREME, a q-value threshold of 0.05 was used with the previously computed back-
ground file searching both forward and reverse strands. MEMEwas restricted to a maximum
motif width of 10, while DREME’s default of 8 was used [41]. To search for additional motifs
within the enhancer regions, Ftz/Ftz-F1 enhancer regions were analyzed usingMelinaII (which
runs 4 de novo algorithms, Consensus,MEME,MDScan, and Gibbs) and theDrosophila JAS-
PAR database [42]. To search for motifs using the Jaspar database, a Gaussian distribution was
constructed from random sequences in theDrosophila genome to determine the background
Drosophila Ftz/Ftz-F1 Ttargets
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likelihoodof the occurrence of any given sequence. Enhancer sequences were scanned using
pwms from the Jaspar database and compared to this background to determine the chance of a
motif occurring randomly at each position.Motifs with a probability score of 0.9 or higher
were considered candidates.
Results
Microarray identification of Ftz-F1-responsive genes
To identify candidate targets of Ftz-F1, gene expression was compared betweenwildtype and
ftz-f1 germline clones embryos (referred to throughout as ftz-f1mutants) at three time points
during development: stage 5, the blastoderm forms, Ftz 7 stripes are established; stage 6, gastru-
lation, 7 strong Ftz stripes; and stage 8, germband extension, Ftz stripes begin to fade (S1 Fig).
Gene expression was compared in whole embryos. As Ftz+ cells represent a maximum of 25%
of the cells in the whole embryo, this could potentially dilute the overall fold change observed
for genes regulated by Ftz, but this method also allowed for identification of Ftz-F1 targets that
are not co-regulated by Ftz.
Of the 18952 probesets on the genechips, 735 (4%) showed detectable alterations in
response to absence of ftz-f1. To avoid genes with solely maternal expression masking zygotic
responses to Ftz-F1, analysis was restricted to genes showing at least a 1.1 fold increase between
stage 5 and stage 6 in wildtypemicroarrays. 3944 (21%) of the probesets showed a 1.1 fold
increase in expression level between stage 5 and stage 6. The intersection of these two data sets
produced a list of 379 potential targets for validation, fewer than 2% of all genes examined on
the microarray. 314 (83%) of these potential targets showed upregulation in response to
absence of Ftz-F1 but, since Ftz-F1 has been shown to activate transcription (reviewed in [31],
many of these are likely regulated indirectly and were not further examined in this study.
Potential direct Ftz-F1 targets were the 65 (17%) probesets that showed at least a 1.1 fold
increase in expression level between stages 5 and 6 and a lower expression in ftz-f1mutants.
These 65 probesets map to 63 unique genes. Fig 1 shows a heatmap of the changes in expres-
sion level for potential target genes and S1 Table shows the top 11 candidate target genes,
ordered by their fold change in expression level between control and ftz-f1mutants. Each
showed an average of at least -1.49 fold change in expression level between ftz-f1mutants and
control embryos. Pairwise comparison of Pearson correlation coefficients showed that individ-
ual genechips variedmore by developmental stage than by the presence or absence of a func-
tional Ftz-F1 protein (S2 Table). This, along with the fact that fewer than 2% of genes that
increase in early zygotic expression show changes in ftz-f1mutants, suggests that only a small
percentage of genes in the genome are regulated, directly or indirectly, by any given pair-rule
transcription factor.
Expression of Ftz-F1-responsive genes overlaps with Ftz
All previously identified Ftz-F1 target genes are co-regulated by Ftz. In order to determine
whether this is the case for the microarray identified Ftz-F1-responsive genes, expression pat-
terns were examined for ten of the top eleven genes from the microarray and compared to ftz
expression (Fig 2, Table 1): ken and Barbie (ken), engrailed (en), astray (aay),midline (mid),
tarsal-less (tal), 5-hydroxytryptamine (serotonin) receptor 2A (5-HT2A), tartan (trn), hedgehog
(hh), Antennapedia (Antp), and bloated tubules (blot). tektin-C was not included because it
does not show a detectable level of expression in early embryos by in situ hybridization. For 9
of the 10 remaining candidate target genes, expression of the target gene overlapped with ftz
expression. ken is expressed in two stripes, which overlap with ftz stripes 1 and 7 (Fig 2A–2A”).
en is expressed in 14 stripes and every other stripe overlaps with a ftz stripe (Fig 2B–2B”). The
Drosophila Ftz/Ftz-F1 Ttargets
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Fig 1. Microarray identification of Ftz-F1-responsive genes in Drosophila embryos. RNA was extracted from
control or ftz-f1 mutant embryos at stages 5, 6, and 8, as indicated, and used to synthesize cDNA for hybridization to
Affymetrix Drosophila 2.0 expression arrays. The dendrogram shows Pearson correlation coefficients of mean
expression levels across probesets under assayed conditions. The heatmap shows expression levels of probesets that
increased between stages 5 and 6 in wildtype embryos and were expressed at lower levels in ftz-f1 mutant embryos than
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7 stripes of aay and ftz overlap (Fig 2C–2C”).mid is expressed in 14 stripes, seven of which
overlap with ftz stripes (Fig 2D–2D”). Of the six (of a total seven) tal stripes visible in blasto-
derm stage embryos, stripes 2 and 3 are more strongly expressed than the other stripes, but
none overlap with ftz (Fig 2E–2E”). Thus, tal could not be a direct target of Ftz. 5-HT2A
expression is broader than ftz expression, but all 7 5-HT2A stripes overlap the 7 ftz stripes (Fig
2F–2F”). trn is expressed in 8 stripes; the 7 posterior stripes of trn overlap the 7 stripes of ftz,
Fig 2. Top Ftz-F1-responsive genes are co-expressed with ftz. Fluorescent double in situ hybridization was
performed against ftz and each target gene, as indicated. ftz stripes (A-J, red); target gene stripes (A’–J’,
green); overlay (A”–J”, yellow). Some or all of the target genes’ expression patterns overlap ftz expression
during the blastoderm stage for all candidate targets except tal. (A’) ken, (B’) en, (C’) aay, (D’) mid, (E’) tal, (F’)
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while the most anterior trn stripe does not (Fig 2G–2G”). Of the 14 hh stripes, 7 alternating
stripes overlap with ftz (Fig 2H–2H”). The singleAntp stripe overlaps with the second ftz stripe
(Fig 2I–2I”). blot expression, while in a striped pattern, is not as sharp as other targets. The
stripes are blurred and broad, with soft edges. However, this expression does overlap with ftz
stripes (Fig 2J–2J”). In sum, nine of the eleven top candidate target genes identified in the
microarray experiment overlap with ftz, tektin-C and tal being the exceptions. The former is
not detectably expressed and is thus a false positive from the microarray. talmay be an indirect
target or a gene regulated by Ftz-F1 without Ftz. Overlap for the remaining nine genes was
seen in blastoderm or very early gastrulation stages, consistent with the possibility that these
genes are regulated directly by Ftz.
Candidate Ftz-F1 target genes require Ftz and Ftz-F1 for expression in
embryos
To test whether these candidate target genes are in fact controlled by Ftz and/or Ftz-F1, their
expression patterns were examined in ftz and in ftz-f1mutant embryos (Fig 3, Table 1). en, a
known target, was not re-examined here [12]. For all nine genes examined here, expression in
early stage embryos (Fig 3A–3I) was altered or undetectable in ftz (Fig 3A’–3I’) and in ftz-f1 (Fig
3A”–3I”) mutants. Both ken stripes were undetectable in ftz and in ftz-f1mutants (Fig 3A–3A”).
aay was expressed in seven stripes in control embryos, which were undetectable in ftz and in ftz-
f1mutants (Fig 3B–3B”).mid was normally expressed in 14 stripes. Like en, 7 of the 14mid
stripes were lost in ftz and in ftz-f1mutants (Fig 3C–3C”). tal expression was undetectable in ftz
and decreased in ftz-f1mutants (Fig 3D–3D”). 5-HT2Awas expressed in seven stripes beginning
in early gastrulation in control embryos, which were undetectable in ftz and in ftz-f1mutants
(Fig 3E–3E”). In ftz and in ftz-f1mutant embryos, the expression of the 7 posterior stripes of trn
that overlap with Ftz (Fig 2G) was lost while the most anterior stripe, that does not overlap with
Ftz, was present (Fig 3F–3F”). hh was expressed in 14 stripes, 7 of which were lost in ftz and in
ftz-f1mutants (Fig 3G–3G”). Antp was expressed in one band posterior to the cephalic furrow
of the embryo, which was lost in either mutant (Fig 3H–3H”). blot was expressed in seven dif-
fuse stripes (Fig 3J). Unlike the other candidate targets, the expression pattern was not changed
qualitatively but appears weaker in ftz and in ftz-f1 embryos (Fig 3I–3I”).









CRE Expression CRE expression in ftz
en 14 stripes Alternate stripes Yes Yes 7 stripes (Florence et al. 1997) Lost (Florence
et al.1997)
ken 2 stripes Yes Yes Yes 2 stripes Lost
aay 7 stripes Yes Yes No None -
tektin-
C
None - - - - -
mid 14 stripes Alternate stripes Yes Yes 7 stripes Lost
tal 7 stripes No Yes Yes - -
5-HT2A 7 stripes Yes Yes No Weak bands Lost
trn 8 stripes 7 posterior
stripes
Yes Yes 7 stripes Decreased
hh 14 stripes Alternate stripes Yes Yes 14 stripes Lost
Antp 1 stripe ftz stripe 2 Yes Yes 1 band early, additional late
stripes
Decreased
blot Diffuse stripes Yes Likely Yes Broad early, 7 stripes late Stripes lost
doi:10.1371/journal.pone.0163128.t001
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In sum, the Ftz-F1-responsive genes identified in the microarray that are expressed in early
embryos responded similarly to loss of Ftz and to loss of Ftz-F1 (Table 1). This brings to four-
teen the Ftz-F1-responsive genes identified to date. All require Ftz for expression in embryos.
These genes are ftz itself [11], en [12], apt, Sulf1 [25], drm, noc, and 5-HT2A [26] and seven
new targets found in the microarray (ken, aay, mid, tal, trn, hh, Antp). For blot, Ftz and Ftz-F1
appear to have a quantitative effect on blot expression levels but are not responsible for estab-
lishing its striped expression. Finally, the loss of tal expression in ftz-f1mutants verifies its
identification in the microarray experiment. The fact that tal does not overlap ftz expression
(Fig 2E”) suggested that it could be the only Ftz-F1 target identified to date not co-regulated by
Ftz. However, since tal expression was lost in ftzmutants, it is more likely that Ftz and Ftz-F1
Fig 3. Ftz-F1-responsive genes are regulated by Ftz and Ftz-F1. (A-I) The expression patterns of nine of
the top candidate Ftz-F1 target genes from the microarray are shown. All are expressed in stripes in early
embryos. (A) ken, (B) aay, (C) mid, (D) tal, (E) 5-HT2A, (F) trn, (G) hh, (H) Antp, (I) blot. (A’–I’) Expression
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work together to regulate tal expression indirectly in Ftz- cells. Overall, these findings are con-
sistent with the fact that ftz and ftz-f1 pair-rule phenotypes are indistinguishable, strengthening
the conclusion that Ftz-F1 absolutely requires Ftz for its activity in early embryos.
Identification of candidate Ftz/Ftz-F1-dependent enhancers
The Ftz-F1-responsive target genes analyzed above could be either directly or indirectly regu-
lated by Ftz and/or Ftz-F1. To address this, we made use of BDTNP published ChIP-chip data
on Ftz [39] to identify candidate Ftz/Ftz-F1-responsive enhancers within 70 kb each of the top
ten Ftz-F1 targets identified from the microarray (S3 Table). Overall, this ChIP-chip experiment
identified 403 Ftz binding sites in the genome of blastoderm stage embryos using a 1% FDR (Fig
4A). This cut-off was effective for identifying Bcd target genes [43]. Ftz binding was found using
a 1% FDR for eight candidate target genes (Table 1). Genomic regions of ~1 kb surrounding
each of these Ftz binding intervals were queried for consensus Ftz-F1 binding sites (BSAAG-
GHYRHH). At least one candidate Ftz-F1 binding site was found in the region of every Ftz
binding peak examined, except for tal, for which no Ftz-F1 binding sites were found. DREME
and MEME queries of regions within all Ftz binding peaks in the genome identified the core
Ftz-F1 binding sequence (AAGG) as the most over-represented sequence (Fig 4B and 4C).
For each gene, the region that contained the strongest Ftz binding and at least one candidate
Ftz-F1 binding site was selected to be tested functionally (Fig 5). An enhancer was not gener-
ated for en, even though it was identified in the microarray, because the Ftz/Ftz-F1- dependent
enhancer identified previously was also identified by the above searches. Enhancer-reporter
constructs generated were: ken-lacZ, aay-lacZ,mid-lacZ, 5-HT2A-lacZ, trn-lacZ, hh-lacZ,
Antp-lacZ, and blot-lacZ. For aay, a Ftz binding peak was not found in the dataset using 1%
FDR but was found at 25% FDR. For 5-HT2A, no Ftz binding was found. However, because
5-HT2Awas identified as a ftz/ftz-f1 target here and in a previous study [26], a candidate
enhancer was selected based on a candidate Ftz-F1 binding near the gene. In order to increase
the strength of this candidate enhancer, an exception for the size of the region was made, mak-
ing it 2 kb, to include both the strongest potential Ftz-F1 binding sites and Zelda binding sites,
which are important in the activation of transcription of many developmental genes [44]. This
provided a good test of the importance of Ftz binding in choosing an enhancer. Interestingly,
based on BDTNP data, all candidate enhancers were in accessible chromatin regions at stage 5
(Fig 5).
Candidate enhancers are functional CREs
To determine whether the candidate enhancers actually function as CREs in vivo, expression
of reporter genes was analyzed in transgenic embryos (Fig 6). The ken-lacZ reporter gene was
expressed in two stripes, anterior and posterior, mimicking endogenous ken expression (Fig
6A and 6A’). aay-lacZ was the only transgene for which no β-galactosidasewas detected (not
shown).mid-lacZ was expressed in seven stripes (Fig 6B and 6B’), presumably those that
overlap the seven ftz stripes (Fig 2D”). 5-HT2-lacZwas expressed weakly, not evident until
germband extension stages when three thick evenly spaced bands were observed (Fig 6C and
6C’). These bands are located between engrailed stripes 2 and 3, 4 and 5, and 6 and 7 (data
not shown). This weak expression did not correspond to wildtype expression of 5-HT2A, and
the expression was spotty. trn-lacZ was expressed in seven of the eight stripes in which
endogenous trn is expressed (Fig 6D and 6D’). This finding clearly indicates that a Ftz-F1/
Ftz-responsive enhancer was identified for trn, as only seven of the eight endogenous trn
stripes overlap with ftz [45] and this work). hh—lacZ stripes arose during gastrulation, with
fourteen stripes evident by germband extension; alternating stripes were strong and weak
Drosophila Ftz/Ftz-F1 Ttargets
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Fig 4. Ftz-F1 binding sites are overrepresented in Ftz genomic binding peaks. (A) Genomic positions
of Ftz binding based on Ftz ChIP-chip data from BDTNP is shown schematically mapped to the four
Drosophila chromosomes [39]. Red lines represent strong Ftz binding; green lines represent weak Ftz
binding. The genomic loci of candidate Ftz-F1 targets from the microarray are indicated in pink. ftz-
responsive genes not found in this study are indicated in black. Positions of FRT[2A] and ftz-f1, used to
generate ftz-f1 germline clones, are indicated in blue. (B,C) Over-represented sequences in the Ftz ChIP-
chip binding data, identified by (B) DREME and (C) MEME. Ftz-F1 candidate binding sites (core, AAGG) are
overrepresented in genomic regions where Ftz binds DNA.
doi:10.1371/journal.pone.0163128.g004
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(Fig 6E and 6E’). The endogenous hh gene is expressed in all fourteen stripes at similar levels
but only alternating stripes could be regulated directly by Ftz. Antp-lacZ was expressed in
one strong stripe just posterior of the cephalic furrow at the blastoderm stage, similar to the
endogenousAntp gene (Fig 6F). Additional stripes appear later, during gastrulation and
germband extension (Fig 6F’). blot-lacZ was expressed in a broad band in the central region
of the embryo at early and late stages (Fig 6G and 6G’) and later in seven stripes, similar to
the endogenous expression (Fig 6G’).
Fig 5. Identification of candidate Ftz/Ftz-F1 dependent enhancers. A screen shot from Flybase GBrowse showing genomic regions
around Ftz-F1-responsive genes. Published BDTNP data available at http://bdtnp.lbl.gov/Fly-Net/browseChipper.jsp was downloaded and
all interval coordinates along with the peak binding positions were remapped from release 4 to release 6 of the Drosophila genome using
the Coordinate Converter provided by Flybase. The Ftz binding data was then uploaded into Flybase GBrowse for visualization. Candidate
enhancers (red arrows) were identified using three major criteria: 1) Location near Ftz-F1-responsive target gene (light blue); 2) Ftz ChIP-
chip binding, yellow arrow (1% FDR) or orange arrow (25% FDR); 3) candidate Ftz-F1 binding sites (thin purple arrows). Open chromatin
(green arrows), was also found at blastoderm stage at all enhancers. Enhancer chromosomal locations (flybase v. 6) are: (A) ken
2R:23868513..23869466, (B) en 2R:11524814..11525958, (C) aay 3L:9416225..9417230, (D) mid 2L:5473726..5474732, (E) 5-HT2A
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In sum, six of the eight enhancers tested directed strong reporter gene expression in patterns
virtually identical to the corresponding endogenous genes (ken,mid, trn, hh, Antp, blot), dem-
onstrating that these are functional CREs (Table 1). The two enhancers that were tested despite
not fulfilling the criteria used for enhancer identification (see above) were weak or non-func-
tional. aay-lacZ was not detectably expressed. This was the one enhancer for which the Ftz
ChIP-chip peak was chosen at a 25% FDR. 5-HT2A-lacZwas expressed but the pattern was
extremely weak and differed from the endogenous gene, suggesting that partial regulatory
information was present in the region isolated. The 5-HT2A region chosen was the only
enhancer tested that lacked a Ftz ChIP-chip peak but the fact that expression was lost in ftz
mutants (see below) suggests that there could be low levels of Ftz genomic binding not detected
even at 25% FDR. Together, these results suggest that the presence of Ftz binding and the abil-
ity to bind Ftz-F1 are highly predictive of enhancer activity in vivo.
Target gene CREs are Ftz-responsive
To test whether these CREs are ftz-responsive, expression was examined in ftz9H34 homozy-
gotes. Embryos were double stained with anti-β-galactosidase antibody (brown) to detect
Fig 6. Target gene CREs direct ftz-dependent striped expression patterns. Expression of enhancer-
lacZ reporter constructs, as indicated, in transgenic embryos is shown. (A-G) Early transgene expression.
(A’-G’) Late transgene expression. Note that β-galactosidase is stable and accumulates in embryos such
that expression appears stronger at late germband extension. Expression of ken-lacZ, mid-lacZ, trn-lacZ, hh-
lacZ, Antp-lacZ and blot-lacZ was similar to the corresponding endogenous gene. 5-HT2A-lacZ was
expressed weakly. (A”-G”) Expression of enhancer-lacZ reporter transgenes (brown) in ftz mutant embryos.
To identify ftz mutants, in situ hybridization was used to detect en (blue), which is expressed in 14 stripes in
wildtype embryos and 7 stripes in ftz embryos.
doi:10.1371/journal.pone.0163128.g006
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enhancer expression and en (blue) to identify the ftzmutants, which express only seven en
stripes. Enhancer-lacZ reporter gene expression pattern was examined during germband exten-
sion when expression was strongest (Fig 6A”–6G”). The two stripes of ken-lacZ expression
were lost in the mutants (Fig 6A”). The seven strong stripes formid-lacZ were undetectable in
the ftz background (Fig 6B”). For 5-HT2A-lacZ, the one weak enhancer, expression was not
detectable in a ftz background (Fig 6C”).While some bands were still visible for trn-lacZ in ftz
mutants, these were much weaker and spotty (Fig 6D”), suggesting the presence of additional
CRE(s) for trn stripes. All fourteen stripes of hh-lacZ were lost (Fig 6E”), which was surprising,
as only the seven stripes overlapping ftz expression should be lost if the enhancer is only under
Ftz control; this suggests that this enhancer contains an additional CRE(s) that responds indi-
rectly. Note that this indirect regulation cannot be via en, as Ftz regulates only the seven alter-
nate en stripes that overlap with Ftz. Antp-lacZ expression was much weaker in the ftz
background (Fig 6F”), suggesting the presence of additional CRE(s). The seven stripes of
expression driven by blot-lacZ were lost in ftzmutants but the broad, central band was still
detectable, indicating that this band was not regulated by Ftz. This is consistent with decreased
levels of blot expression in ftz and ftz-f1mutants (Fig 3). Overall, seven newly identified
enhancers directed expression in embryos in patterns that were weakened or undetectable in a
ftzmutant background, indicating that these CREs are Ftz-responsive.
Further analysis of Ftz-dependent enhancers
These Ftz-responsive CREs were next examined for additional motifs that might be important
for regulation. For this analysis, the six strong CREs found in this study (enhancers for ken,
mid, trn, hh, Antp, and blot) were analyzed along with four previously confirmed Ftz/Ftz-
F1-responsive CREs (ftz proximal enhancer, en, drm2, and drm34 [12, 26, 46] to determine if
there were any binding sites common to all ten. These ‘confirmed enhancers’ were compared
to ‘false enhancers,’ those that contain Ftz and Ftz-F1 binding sites, but did not function as
CREs in reporter transgene experiments in vivo. Three false enhancers have been found to
date, those for aay (this study), drm1 and drm5 [26]. These two groups of enhancers were
searched independently for binding sites for additional transcription factors that may be neces-
sary regulators of gene expression, either as co-activators/repressors themselves or as factors
modulating Ftz/Ftz-F1 DNA binding. All four of the de novo algorithms used by the MelinaII
program -Consensus,Meme, MDScanner, and Gibbs—identified the binding site for Ftz-F1 as
the most commonmotif in the confirmed enhancers (S2A and S2B Fig). Note that Ftz-F1 sites
were also found to be the most commonmotif in in all Ftz ChIP-chip genomic peaks (Fig 4)
suggesting that Ftz and Ftz-F1 binding may be sufficient for target site selection. For the false
enhancers, the most common binding motif found was for Forkhead (Fkh) (S2C and S2D Fig).
To determine whether other factors—activating either positively, negatively, or affecting Ftz/
Ftz-F1 binding—further influence Ftz/Ftz-F1 target gene regulation, the enhancers were next
analyzed to identify known transcription factor (TF) binding sites, using the JASPAR database
[42]. Binding sites for 67 known TFs were found in the confirmed enhancers (Table 2). 57 of the
67 TFs contain a homeodomain, as does Ftz, and thus were likely identified by the program
because their binding site is similar to the binding site of Ftz. Similarly, this analysis found many
homeodomain binding sites in the false enhancers (64 out of 77) as well as 13 TFs that do not
contain a homeodomain. Excluding the homeodomain proteins, binding sites for one TF
(Zeste) was present in all of the confirmed enhancers but not in all of the false enhancers. Bind-
ing sites for 5 TFs (Trithorax-like (Trl, GAF), Scalloped,Dichaete (D), Forkhead, and Sloppy-
paired1) were present in all of the false enhancers but not in all of the confirmed enhancers.
One TF (DEAF-1) had a particularly high PWM score in both groups of enhancers.
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Table 2. Transcription factor binding motifs within the confirmed and false enhancer groups.
10 confirmed enhancers 3 false enhancers 10 confirmed enhancers 3 false enhancers
protein Homeodomain protein Homeodomain protein Homeodomain protein Homeodomain
br_Z2 n abd-A y abd-A y
br_Z3 n br_Z3 n ap y ap y
br_Z4 n br_Z4 n ara y ara y
hb n hb n bcd y
Ubx y bsh y bsh y
ovo n ovo n btn y
Abd-B y Abd-B y cad y cad y
Antp y caup y caup y
Awh y awh y ct y ct y
B-H1 y B-H1 y ems y ems y
B-H2 y B-H2 y en y en y
C15 y C15 y eve y eve y
CG11085 y exd y
dbx y dbx y exex y
lms y ftz y ftz y
CG13424 y hbn y
CG15696 y CG15696 y ind y ind y
CG18599 y CG1859 y lab y
CG32105 y CG32105 y lbe y lbe y
CG32532 y CG32532 y lbl y lbl y
Vsx1 y Vsx1 y mirr y mirr y
CG4328 y CG4328 y oc y
CG7056 y CG7056 y otp y otp y
CG9876 y CG9876 y prd y prd y
Deaf1 n Deaf1 n repo y repo y
Dfd y ro y ro y
Dll y Dll y sd n
E5 y E5 y slbo n slbo n
Gsc y slou y slou y
HGTX y HGTX y tup y tup y
Hmx y unc-4 y
Lag1 y Lag1 y unpg y unpg y
Lim1 y vvl y vvl y
Lim3 y Lim3 y z n
NK7.1 y NK7.1 y zen2 y zen2 y
Oct n Oct n CG34031 y CG34031 y
OdsH y D n
Optix y Optix y fkh n
Pph13 y Pph13 y H2.0 y H2.0 y
Rx y PHDP y PHDP y
Scr y Scr y slp1 n
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Published ChIP-chip data from 4–12 hours AEL embryos for several chromatin markers,
includingH3K4me3 and H3K27me3, as well as GAF, PC, and Pho binding [47], was used to ana-
lyze regions surrounding the Ftz/Ftz-F1 targets and CREs. For the histone methylation marks,
no clear pattern was detected, and in fact, some targets had a strong signal for H3K27me3, a
marker for repression, even though they are actively expressed. This could be explained by the
broad collection time of the embryos in the ChIP-chip data. While PC and Pho showed no dis-
tinct difference between confirmed and false enhancers, strong GAF binding was found only
near the three false enhancers. GAF was found near only one of the confirmed enhancers (ken),
but binding was weak (S3 Fig), suggesting that GAF could repress gene activation by Ftz/Ftz-F1.
Discussion
This study identified genes regulated by Drosophila Ftz-F1 using a microarray that compared
expression levels in control and ftz-f1mutant embryos (Fig 1). Expression of ten of the eleven
top candidate target genes was confirmed in embryos by in situ hybridization; the one false
positive from the microarray was tektin-C. The remaining ten candidate genes include the pre-
viously well-characterized Ftz/Ftz-F1 target, en (Table 1). Expression of all ten of these genes
responded similarly in ftz and ftz-f1mutant embryos (Fig 3) and for nine of the ten, expression
overlapped with ftz (Fig 2). These results demonstrate that, with the one possible exception of
tal, all identified Ftz-F1-responsive genes also require ftz for expression. Candidate enhancers
for these nine Ftz/Ftz-F1-responsive genes were identified based on the presence of Ftz-F1
binding sites within a peak of Ftz binding, based upon mined ChIP-chip data (Figs 4 and 5, S2
Fig), including the Ftz-dependent en enhancer identified previously. Six of the eight new candi-
date enhancers directed strong Ftz-dependent reporter gene expression in early embryos that
resembled expression of the endogenous gene (Fig 6). Overall, these results confirmmechanis-
tic studies showing that, despite the fact that Ftz-F1 is expressed in all somatic nuclei of blasto-
derm stage embryos, it absolutely requires Ftz to activate target gene expression in vivo.
Ftz binding in the Drosophila genome
The ChIP-chip data published by BDTNP identified 403 Ftz binding sites in the genome of
blastoderm stage embryos using a 1% FDR (Fig 4A). An additional 3,318 sites were identified
when a 25% FDR was used as a cutoff. While some of the sites identified at 25% FDRmay rep-
resent stable Ftz binding, the one tested here (candidate aay enhancer) was not functional in
directing reporter gene expression. Ftz binding was found in the vicinity of all of the Ftz-
F1-responsive genes identified in this study and also near previously identified Ftz-responsive
genes not identified in the microarray (Figs 1 and 4A). These include teashirt [48], gooseberry
[48],Ubx [49–51], and the ftz upstream element [46]. Two Ftz/Ftz-F1-responsive enhancers
had been identified for drumstick (drm)–drm2 and drm34 [26]. Only drm2was bound by Ftz
in the ChIP-chip analysis—drm34was not identified at either 1% or 25% FDR. This is the only
known CREmissed in the ChIP-chip analysis, suggesting that a small number of bona fide Ftz
target genes were not found with the current data. Within the 403 Ftz binding peaks, the most
over-represented sequence was the Ftz-F1 binding site (Fig 4B), suggesting that Ftz-F1 is the
primary determinant of stable Ftz binding in the genome. This is consistent with biochemical
studies showing that Ftz-F1 dramatically increases the affinity and specificity of Ftz DNA bind-
ing in vitro [11, 17].
Other factors influencing Ftz/Ftz-F1 activity in vivo
Analysis of verified Ftz/Ftz-F1-regulated enhancers (confirmed enhancers), compared to
sequences containing potential Ftz and Ftz-F1 binding sites but not functioning as enhancers
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(false enhancers), was carried out to identify candidate co-regulators that may limit the binding
and/or activity of Ftz and/or Ftz-F1 to specific genes. Binding sites for Deaf-1 and Zeste were
present in all of the Ftz-dependent enhancers while false enhancers were enriched in binding
sites for Dichaete and GAGA Factor. All of these proteins are likely to contribute to the regula-
tion of many early embryonic genes, consistent with their complex phenotypes.
Deaf-1, first identified as a putative cofactor of the Hox protein Deformed, appears to func-
tion as a general factor in the early embryo, as mutants display wide-ranging effects on embry-
onic development including segmentation defects [52]. Zeste binding sites were identified in all
confirmed enhancers, and other studies have shown that it can act as both an activator and
repressor [53, 54], functioning at the chromatin level [55, 56]. Dichaete and GAF binding sites
were both identified in all of the false enhancer sites. Dichaete also affects transcription at the
chromatin level Interestingly, it is expressed in stripes in the early embryo [57, 58] and was pre-
viously found to interact with Ftz-F1 in a whole genome yeast two-hybrid experiment [59].
Like Zeste, GAF can also act as an activator or repressor on the chromatin level [60], and GAF
binding sites have been found in Polycomb response elements (PREs) [61–63], where Poly-
comb Group proteins (PcG) bind to repress homeotic gene expression, along with Pleiohomeo-
tic (Pho) [64–66]. Examining ChIP-chip binding data of GAF surrounding both the confirmed
and false enhancers revealed that GAF bound only at the false enhancers, with the exception of
weak binding near ken-lacZ (S3 Fig). Together these results suggest that while other TFs may
play roles in the regulation of expression of Ftz/Ftz-F1-responsive genes, Ftz-F1 is the main
determinant of Ftz genomic binding. In addition, GAFmay act as a repressor of Ftz/Ftz-F1
binding.
Targets of pair-rule genes
This study identifiedmore than 50 genes that are expressed at higher levels in wildtype than
ftz-f1mutants (microarray). Of the genes showing the largest difference in the microarray
experiment, ten of the top eleven are co-regulated by Ftz and Ftz-F1, and identification of
enhancers suggests that at least seven of these ten are directly regulated by them. Ftz/Ftz-F1 are
PRGs responsible for the formation of even-numbered parasegments and are thought to be
among the more downstream PRGs, that, for example, directly regulate en expression. How-
ever, this study and others suggest that they have many other direct targets.
The new Ftz/Ftz-F1 target genes identified in this study all have known roles in embryonic
development. en and hh play multiple roles, the most relevant to this study being their well-
known roles as segment polarity genes [67]. While En is a homeodomain-containing transcrip-
tion factor, Hh is a signalingmolecule.mid encodes a T-box transcription factor, classified as a
segment polarity gene, but its most well-studied roles are in development in neuroblast specifi-
cation, axon guidance, and heart development [68–70].Antp is a centralHox gene and was one
of the first proposed candidate targets of pair-rule genes, including Ftz [71, 72]. This study con-
firms the proposed direct regulation of Antp by Ftz, along with Ftz-F1. ken encodes a zinc fin-
ger transcription factor implicated in genitalia development and as a regulator of the JAK/
STAT pathway [73–75]. Interestingly, a previous study identified the gap protein Kruppel (Kr)
as a negative regulator of ken [76], suggesting that a combination of activation by Ftz/Ftz-F1
and repression by Kr could explain the ken 2-stripe pattern. aay was identified in screens for
regulators of peripheral nervous system development [77]. It encodes a putative 3-phosphoser-
ine phosphatase and is necessary for axon guidance in the PNS has a role in axon guidance/ner-
vous system development While initiatilly expressed in a 7-stripe pattern ([78] and Fig 3), it is
later expressed in clusters in each segment as well as in the gut [78]. trn encodes a cell surface
protein that has been implicated in cell movement and migration in various cellular contexts
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including roles in imaginal discs, tracheal branch outgrowth, retinal epithelial integrity [79–
83]. Trn, and its partner Capricious appear to regulate cell-cell interactions in all of these con-
tacts by mediating homophilic cell adhesion. This in turn suggests that Trn may be an impor-
tant regulator of segment integrity in the early Drosophila embryo (unpublished observation).
Blot is a putative neurotransmitter with a role in morphogenesis of epithelium [84]. Similarly
5HT2 encodes a serotonin receptor with specific ligand binding with a documented role in con-
vergent extension in Drosophila [85–88].
In sum, of the known Ftz/Ftz-F1targets, excluding ftz itself, for which there is strong evi-
dence for direct Ftz/Ftz-F1 regulation, seven encode nucleic acid binding proteins that function
as TFs themselves (en, apt, drm, noc, ken,mid, Antp) and one is a signalingmolecule (hh). Five
fall into a number of different classes that could implicate them in playing more direct roles in
morphogenesis: protein phosphatase (aay), serotonin receptor (5-HT2A), cell surface protein
(trn), neurotransmitter transport (blot), and sulfatase (Sulf1). This suggests that the hierarchy
remains regulatory to a large extent at the level of pair-rule genes but also identifies a group of
direct targets that may play direct roles in segment formation. However, we suggest that the list
of known targets is biased by their strong phenotypes. All of the top microarray targets investi-
gated here were known genes, but the next set (Fig 1) includes many genes for which pheno-
types have not been analyzed (CGs). Future experiments will determine whether these genes
are also direct PRG targets, contributing to segment formation in subtle ways, such that they
had not been previously identified in mutant screens.
Supporting Information
S1 Fig. Ftz-F1 and Ftz protein expression and staging of embryos. (A) Stage 4 (A,E,I), stage
5 (B,F,J), stage 6 (C,G,K), and stage 7 (D,H,L) embryos showing Ftz-F1(green) is maternally
expressed and localizes to the nuclei. Ftz (red) reaches its peak level during late cellularization
(stage 5), when it is expressed in seven stripes. At the onset of gastrulation (stage 6), the most
anterior stripe of Ftz is immediately posterior to the cephalic furrow. The Ftz stripes weaken
throughout germband extension (stage 8). Both proteins are co-expressed (yellow) in nuclei of
the primordia of even numbered parasegments. (Lower panel) Embryos were collected and
hand staged at the times and stages indicated. Samples from each timepoint were immunos-
tained with anti-Ftz antibody to verify stage. Phase contrast microscopy of live, dechorionated
embryos in halocarbon oil was used to monitor progress of embryonic development, as shown
in bottom panel.
(TIF)
S2 Fig. Examination of motifs in candidate Ftz enhancers shows Ftz-F1 as the prominent
binding motif. (A,C) Schematic representations of each enhancer across the top of each sec-
tion, as indicated. Melina II software was used to search for commonmotifs using 4 algorithms
—CONSENSUS,MEME,MDScan and Gibbs, as indicated. The colored boxes represent motifs
found by each algorithm common to the group of enhancers queried for (A) the 10 confirmed
enhancers and (C) the 3 false enhancers. (B,D) All 4 algorithms identified the most common
motif (B) in confirmed enhancers to be the binding site for Ftz-F1 and (D) in false enhancers
to be the binding site for Fkh.
(TIF)
S3 Fig. ChIP-chip data for Pho, PC, and GAF for confirmed and false enhancers.ChIP-chip
data published by Schuettengruber et al., 2009 shows binding by fold change (y-axis) of tran-
scription factors GAF, PC, and Pho along the DNA (x-axis). No discernable difference between
Pho and PC binding at confirmed versus false enhancers was evident. GAF bound at all three
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of the false enhancers but not near nine of the confirmed enhancers, and only weakly near the
ken enhancer, suggesting it may inhibit activation by Ftz/Ftz-F1.
(TIF)
S1 Table. Summary of Ftz/Ftz-F1 dependent target genes and CREs.
(DOCX)
S2 Table. Transcription factor binding motifs within the confirmed and false enhancer
groups.
(DOCX)
S3 Table. Genomic binding within 70kb of candidate Ftz/Ftz-F1 target genes.
(DOCX)
Acknowledgments
This work was supported by the National Science Foundation grants to LP (IOS-0950765 and
IOS-1457145). AF received support from T32 GM080201, Training Program in Cell & Molecu-
lar Biology. The microarray experiment was performed at the Center for Advanced Research in
Biotechnology (CARB)MicroArray Facility. We thank Shruti Sarda for the Jaspar search and










Validation: AF JXWRA PG.
Visualization: AF JXWRA PG LP.
Writing – original draft:AF JXWRA PG LP.
Writing – review & editing: AF JXWRA PG LP.
References
1. McGinnis W, Krumlauf R. Homeobox genes and axial patterning. Cell. 1992; 68:283–302. doi: 10.
1016/0092-8674(92)90471-N PMID: 1346368
2. Berger MF, Badis G, Gehrke AR, Talukder S, Philippakis AA, Pena-Castillo L, et al. Variation in home-
odomain DNA binding revealed by high-resolution analysis of sequence preferences. Cell. 2008; 133
(7):1266–76. doi: 10.1016/j.cell.2008.05.024 PMID: 18585359; PubMed Central PMCID:
PMCPMC2531161.
3. Noyes MB, Christensen RG, Wakabayashi A, Stormo GD, Brodsky MH, Wolfe SA. Analysis of homeo-
domain specificities allows the family-wide prediction of preferred recognition sites. Cell. 2008; 133
Drosophila Ftz/Ftz-F1 Ttargets
PLOS ONE | DOI:10.1371/journal.pone.0163128 October 10, 2016 19 / 24
(7):1277–89. doi: 10.1016/j.cell.2008.05.023 PMID: 18585360; PubMed Central PMCID:
PMCPMC2478728.
4. Mann RS, Lelli KM, Joshi R. Hox specificity unique roles for cofactors and collaborators. Current topics
in developmental biology. 2009; 88:63–101. Epub 2009/08/05. doi: 10.1016/S0070-2153(09)88003-4
PMID: 19651302; PubMed Central PMCID: PMC2810641.
5. Chan S-K, Jaffe L, Capovilla M, Botas J, Mann RS. The DNA binding specificity of Ultrabithorax is mod-
ulated by cooperative interactions with Extradenticle, another homeoprotein. Cell. 1994; 78:603–15.
doi: 10.1016/0092-8674(94)90525-8 PMID: 7915199
6. Phelan ML, Sadoul R, Featherstone MS. Functional differences between HOX proteins conferred by
two residues in the homeodomain N-terminal arm. Mol Cell Biol. 1994; 14(8):5066–75. doi: 10.1128/
MCB.14.8.5066 PMID: 7913516.
7. Passner JM, Ryoo HD, Shen L, Mann RS, Aggarwal AK. Structure of a DNA-bound Ultrabithorax-
Extradenticle homeodomain complex. Nature. 1999; 397(6721):714–9. doi: 10.1038/17833 PMID:
10067897.
8. Mann RS. The specificity of homeotic gene function. BioEssays. 1995; 17:855–63. doi: 10.1002/bies.
950171007 PMID: 7487967
9. Mann RS, Chan S-K. Extra specificity from extradenticle: the partnership between HOX and PBX/EXD
homeodomain proteins. TIGS. 1996; 12:258–62. doi: 10.1016/0168-9525(96)81471-5 PMID: 8763497
10. Crocker J, Abe N, Rinaldi L, McGregor AP, Frankel N, Wang S, et al. Low affinity binding site clusters
confer hox specificity and regulatory robustness. Cell. 2015; 160(1–2):191–203. doi: 10.1016/j.cell.
2014.11.041 PMID: 25557079; PubMed Central PMCID: PMCPMC4449256.
11. Yu Y, Li W, Su K, Han W, Yussa M, Perrimon N, et al. The nuclear hormone receptor FTZ-F1 is a
cofactor for the Drosophila homeodomain protein Ftz. Nature. 1997; 385:552–5. doi: 10.1038/
385552a0 PMID: 9020364
12. Florence B, Guichet A, Ephrussi A, Laughon A. Ftz-F1 is a cofactor in Ftz activation of the Drosophila
engrailed gene. Development. 1997; 124:839–47. PMID: 9043065
13. Guichet A, Copeland JWR, Erdelyi M, Hlousek D, Zavorszky P, Ho J, et al. The nuclear receptor homo-
logue Ftz-F1 and the homeodomain protein Ftz are mutually dependent cofactors. Nature. 1997;
385:548–52. doi: 10.1038/385548a0 PMID: 9020363
14. Telford MJ. Evidence for the derivation of the Drosophila fushi tarazu gene from a Hox gene ortholo-
gous to lophotrochozoan Lox5. Curr Biol. 2000; 10(6):349–52. PMID: 10744975.
15. Lohr U, Yussa M, Pick L. Drosophila fushi tarazu: a gene on the border of homeotic function. Current
Biology. 2001; 11:1403–12. doi: 10.1016/S0960-9822(01)00443-2 PMID: 11566098
16. Schwartz CJE, Sampson HM, Hlousek D, Percival-Smith A, Copeland JWR, Simmonds AJ, et al. FTZ-
Factor 1 and Fushi Tarazu interact via conserved nuclear receptor and coactivator motifs. EMBO J.
2001; 20:510–9. doi: 10.1093/emboj/20.3.510 PMID: 11157757
17. Yussa M, Lohr U, Su K, Pick L. The nuclear receptor Ftz-F1 and homeodomain protein Ftz interact
through evolutionarily conserved protein domains. Mech Dev. 2001; 107:39–53. doi: 10.1016/S0925-
4773(01)00448-8 PMID: 11520662
18. Lohr U, Pick L. Cofactor-interaction motifs and the cooption of a homeotic Hox protein into the segmen-
tation pathway of Drosophila melanogaster. Curr Biol. 2005; 15:643–9. doi: 10.1016/j.cub.2005.02.048
PMID: 15823536
19. Heffer A, Lohr U, Pick L. ftz evolution: findings, hypotheses and speculations (response to DOI 10.
1002/bies.201100019). BioEssays: news and reviews in molecular, cellular and developmental biol-
ogy. 2011; 33(12):910–8. Epub 2011/11/25. doi: 10.1002/bies.201100112 PMID: 22113740.
20. Pick L. Hox genes, evo-devo, and the case of the ftz gene. Chromosoma. 2016; 125(3):535–51. doi:
10.1007/s00412-015-0553-6 PMID: 26596987; PubMed Central PMCID: PMCPMC4877300.
21. Han W, Yu Y, Su K, Kohanski RA, Pick L. A binding site for multiple transcriptional activators in the
fushi tarazu proximal enhancer is essential for gene expression in vivo. Mol Cell Biol. 1998; 18:3384–
94. PMID: 9584179
22. Heffer A, Grubbs N, Mahaffey J, Pick L. The evolving role of the orphan nuclear receptor ftz-f1, a pair-
rule segmentation gene. Evolution & development. 2013; 15(6):406–17. Epub 2013/11/23. doi: 10.
1111/ede.12050 PMID: 24261442.
23. Hiromi Y, Gehring WJ. Regulation and function of the Drosophila segmentation gene fushi tarazu. Cell.
1987; 50:963–74. doi: 10.1016/0092-8674(87)90523-X PMID: 2887293
24. Pick L, Furneaux HM, Hurwitz J. Purification and characterization of wheat germ RNA ligase and asso-
ciated activities. Methods in enzymology. 1990; 181:480–99. Epub 1990/01/01. doi: 10.1016/0076-
6879(90)81146-L PMID: 2166219.
Drosophila Ftz/Ftz-F1 Ttargets
PLOS ONE | DOI:10.1371/journal.pone.0163128 October 10, 2016 20 / 24
25. Bowler T, Kosman D, Licht JD, Pick L. Computational Identification of Ftz/Ftz-F1 target genes. Devel-
opmental Biology. 2006; 299:78–90. doi: 10.1016/j.ydbio.2006.07.007 PMID: 16996052
26. Hou HY, Heffer A, Anderson WR, Liu J, Bowler T, Pick L. Stripy Ftz target genes are coordinately regu-
lated by Ftz-F1. Developmental biology. 2009; 335(2):442–53. Epub 2009/08/15. doi: 10.1016/j.ydbio.
2009.08.004 PMID: 19679121; PubMed Central PMCID: PMC2784225.
27. Chou T-B, Perrimon N. Use of a yeast site-specific recombinase to produce female germline chimeras
in Drosophila. Genetics. 1992; 131:643–53. PMID: 1628809
28. Chou TB, Noll E, Perrimon N. Autosomal P[ovoD1] dominant female-sterile insertions in Drosophila
and their use in generating germ-line chimeras. Development. 1993; 119:1359–69. PMID: 8306893
29. Chou T-B, Perrimon N. The autosomal FLP-DFS technique for generating germline mosaics in Dro-
sophila melanogaster. Genetics. 1996; 144:1673–9. PMID: 8978054
30. Broadus J, McCabe JR, Endrizzi B, Thummel CS, Woodard CT. The Drosophila bFTZ-F1 orphan
nuclear receptor provides competence for stage-specific responses to the steroid hormone ecdysone.
Mol Cell. 1999; 3:143–9. PMID: 10078197
31. Pick L, Shultz J, Anderson WR, Woodard CT. The Ftz-F1 family: orphan nuclear receptors regulated
by novel protein-protein interactions. In: Taneja R, editor. Nuclear Receptors in Development: Else-
vier; 2006. doi: 10.1016/S1574-3349(06)16008-1
32. Tautz D, Pfeifle C. A non-radioactive in situ hybridization method for localization of specific RNAs in
Drosophila embryos reveals translational control of the segmentation gene hunchback. Chromosoma.
1989; 98:81–5. doi: 10.1007/BF00291041 PMID: 2476281
33. Kosman D, Mizutani CM, Lemons D, Cox WG, McGinnis W, Bier E. Multiplex detection of RNA expres-
sion in Drosophila embryos. Science. 2004; 305(5685):846. doi: 10.1126/science.1099247 PMID:
15297669.
34. Gutjahr T, Vanario Alonso CE, Pick L, Noll M. Multiple regulatory elements direct the complex expres-
sion patterns of the Drosophila segmentation gene paired. Mech Dev. 1994; 48:119–28. doi: 10.1016/
0925-4773(94)90021-3 PMID: 7873402
35. Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M, Dudoit S, et al. Bioconductor: open soft-
ware development for computational biology and bioinformatics. Genome Biol. 2004; 5(10):R80. doi:
10.1186/gb-2004-5-10-r80 PMID: 15461798; PubMed Central PMCID: PMCPMC545600.
36. Gautier L, Cope L, Bolstad BM, Irizarry RA. affy—analysis of Affymetrix GeneChip data at the probe
level. Bioinformatics. 2004; 20(3):307–15. doi: 10.1093/bioinformatics/btg405 PMID: 14960456.
37. Wu H, Kerr MK, Cui X, Churchill GA. MAANOVA: a software package for the analysis of spotted cDNA
microarray experiments. In: Parmigiani G, Garrett E, Irizarry R, Zeger S, editors. The Analysis of Gene
Expression Data: Methods and Software. New York: Springer-Verlag,; 2003. p. 313–41. doi: 10.1007/
0-387-21679-0_14
38. Dabney A, Storey JD, Warnes GR. qvalue: Q-value estimation for false discovery rate control. R pack-
age version 1.26.0. 2011. Available from: http://CRAN.R-project.org/package=qvalue.
39. MacArthur S, Li XY, Li J, Brown JB, Chu HC, Zeng L, et al. Developmental roles of 21 Drosophila tran-
scription factors are determined by quantitative differences in binding to an overlapping set of thou-
sands of genomic regions. Genome Biol. 2009; 10(7):R80. doi: 10.1186/gb-2009-10-7-r80 PMID:
19627575; PubMed Central PMCID: PMCPMC2728534.
40. Bailey TL, Elkan C. Fitting a mixture model by expectation maximization to discover motifs in biopoly-
mers. Proc Int Conf Intell Syst Mol Biol. 1994; 2:28–36. PMID: 7584402.
41. Bailey TL. DREME: motif discovery in transcription factor ChIP-seq data. Bioinformatics. 2011; 27
(12):1653–9. doi: 10.1093/bioinformatics/btr261 PMID: 21543442; PubMed Central PMCID:
PMCPMC3106199.
42. Mathelier A, Zhao X, Zhang AW, Parcy F, Worsley-Hunt R, Arenillas DJ, et al. JASPAR 2014: an
extensively expanded and updated open-access database of transcription factor binding profiles.
Nucleic Acids Res. 2014; 42(Database issue):D142–7. doi: 10.1093/nar/gkt997 PMID: 24194598;
PubMed Central PMCID: PMCPMC3965086.
43. Chen H, Xu Z, Mei C, Yu D, Small S. A system of repressor gradients spatially organizes the bound-
aries of Bicoid-dependent target genes. Cell. 2012; 149(3):618–29. doi: 10.1016/j.cell.2012.03.018
PMID: 22541432; PubMed Central PMCID: PMCPMC3535481.
44. Liang HL, Nien CY, Liu HY, Metzstein MM, Kirov N, Rushlow C. The zinc-finger protein Zelda is a key
activator of the early zygotic genome in Drosophila. Nature. 2008; 456(7220):400–3. PMID: 18931655.
doi: 10.1038/nature07388
45. Chang Z, Price BD, Bockheim S, Boedigheimer MJ, Smith R, Laughon A. Molecular and genetic char-
acterization of the Drosophila tartan gene. Dev Biol. 1993; 160(2):315–32. doi: 10.1006/dbio.1993.
1310 PMID: 8253267.
Drosophila Ftz/Ftz-F1 Ttargets
PLOS ONE | DOI:10.1371/journal.pone.0163128 October 10, 2016 21 / 24
46. Pick L, S A., Affolter M, Schmidt-Glenewinkel T, Gehring WJ. Analysis of the ftz upstream element:
germ layer-specific enhancers are independently autoregulated. Genes & Dev. 1990; 4:1224–39. doi:
10.1101/gad.4.7.1224 PMID: 1976571
47. Schuettengruber B, Ganapathi M, Leblanc B, Portoso M, Jaschek R, Tolhuis B, et al. Functional anat-
omy of polycomb and trithorax chromatin landscapes in Drosophila embryos. PLoS Biol. 2009; 7(1):
e13. doi: 10.1371/journal.pbio.1000013 PMID: 19143474; PubMed Central PMCID:
PMCPMC2621266.
48. Core N, Charroux B, McCormick A, Vola C, Fasano L, Scott MP, et al. Transcriptional regulation of the
Drosophila homeotic gene teashirt by the homeodomain protein Fushi tarazu. Mech Dev. 1997; 68(1–
2):157–72. doi: 10.1016/S0925-4773(97)00144-5 PMID: 9431813.
49. Muller J, Bienz M. Sharp anterior boundary of homeotic gene expression conferred by the fushi tarazu
protein. Embo J. 1992; 11(10):3653–61. PMID: 1356761.
50. Pirrotta V, Chan CS, McCabe D, Qian S. Distinct parasegmental and imaginal enhancers and the
establishment of the expression pattern of the Ubx gene. Genetics. 1995; 141(4):1439–50. PMID:
8601485; PubMed Central PMCID: PMCPMC1206878.
51. Qian S, Capovilla M, Pirrotta V. Molecular mechanisms of pattern formation by the BRE enhancer of
the Ubx gene. Embo J. 1993; 12(10):3865–77. PMID: 8404855.
52. Veraksa A, Kennison J, McGinnis W. DEAF-1 function is essential for the early embryonic develop-
ment of Drosophila. Genesis. 2002; 33(2):67–76. doi: 10.1002/gene.10090 PMID: 12112874.
53. Hur MW, Laney JD, Jeon SH, Ali J, Biggin MD. Zeste maintains repression of Ubx transgenes: support
for a new model of Polycomb repression. Development. 2002; 129(6):1339–43. PMID: 11880343.
54. Mulholland NM, King IF, Kingston RE. Regulation of Polycomb group complexes by the sequence-spe-
cific DNA binding proteins Zeste and GAGA. Genes Dev. 2003; 17(22):2741–6. doi: 10.1101/gad.
1143303 PMID: 14630938; PubMed Central PMCID: PMCPMC280622.
55. Kal AJ, Mahmoudi T, Zak NB, Verrijzer CP. The Drosophila brahma complex is an essential coactivator
for the trithorax group protein zeste. Genes Dev. 2000; 14(9):1058–71. PMID: 10809665; PubMed
Central PMCID: PMCPMC316570.
56. Dejardin J, Cavalli G. Chromatin inheritance upon Zeste-mediated Brahma recruitment at a minimal
cellular memory module. EMBO J. 2004; 23(4):857–68. doi: 10.1038/sj.emboj.7600108 PMID:
14963490; PubMed Central PMCID: PMCPMC381013.
57. Nambu PA, Nambu JR. The Drosophila fish-hook gene encodes a HMG domain protein essential for
segmentation and CNS development. Development. 1996; 122(11):3467–75. PMID: 8951062.
58. Russell SR, Sanchez-Soriano N, Wright CR, Ashburner M. The Dichaete gene of Drosophila melano-
gaster encodes a SOX-domain protein required for embryonic segmentation. Development. 1996; 122
(11):3669–76. PMID: 8951082.
59. Giot L, Bader JS, Brouwer C, Chaudhuri A, Kuang B, Li Y, et al. A protein interaction map of Drosophila
melanogaster. Science. 2003; 302(5651):1727–36. doi: 10.1126/science.1090289 PMID: 14605208.
60. van Steensel B, Delrow J, Bussemaker HJ. Genomewide analysis of Drosophila GAGA factor target
genes reveals context-dependent DNA binding. Proc Natl Acad Sci U S A. 2003; 100(5):2580–5. doi:
10.1073/pnas.0438000100 PMID: 12601174; PubMed Central PMCID: PMCPMC151383.
61. Hagstrom K, Muller M, Schedl P. A Polycomb and GAGA dependent silencer adjoins the Fab-7 bound-
ary in the Drosophila bithorax complex. Genetics. 1997; 146(4):1365–80. PMID: 9258680; PubMed
Central PMCID: PMCPMC1208081.
62. Horard B, Tatout C, Poux S, Pirrotta V. Structure of a polycomb response element and in vitro binding
of polycomb group complexes containing GAGA factor. Mol Cell Biol. 2000; 20(9):3187–97. doi: 10.
1128/MCB.20.9.3187-3197.2000 PMID: 10757803; PubMed Central PMCID: PMCPMC85613.
63. Busturia A, Lloyd A, Bejarano F, Zavortink M, Xin H, Sakonju S. The MCP silencer of the Drosophila
Abd-B gene requires both Pleiohomeotic and GAGA factor for the maintenance of repression. Devel-
opment. 2001; 128(11):2163–73. PMID: 11493537.
64. Mishra RK, Mihaly J, Barges S, Spierer A, Karch F, Hagstrom K, et al. The iab-7 polycomb response
element maps to a nucleosome-free region of chromatin and requires both GAGA and pleiohomeotic
for silencing activity. Mol Cell Biol. 2001; 21(4):1311–8. doi: 10.1128/MCB.21.4.1311-1318.2001
PMID: 11158316; PubMed Central PMCID: PMCPMC99583.
65. Mahmoudi T, Zuijderduijn LM, Mohd-Sarip A, Verrijzer CP. GAGA facilitates binding of Pleiohomeotic
to a chromatinized Polycomb response element. Nucleic Acids Res. 2003; 31(14):4147–56. doi: 10.
1093/nar/gkg479 PMID: 12853632; PubMed Central PMCID: PMCPMC167640.
66. Fujioka M, Yusibova GL, Zhou J, Jaynes JB. The DNA-binding Polycomb-group protein Pleiohomeotic
maintains both active and repressed transcriptional states through a single site. Development. 2008;
Drosophila Ftz/Ftz-F1 Ttargets
PLOS ONE | DOI:10.1371/journal.pone.0163128 October 10, 2016 22 / 24
135(24):4131–9. doi: 10.1242/dev.024554 PMID: 19029043; PubMed Central PMCID:
PMCPMC2710970.
67. Nusslein-Volhard C, Wieschaus E. Mutations affecting segment number and polarity in Drosophila.
Nature. 1980; 287:795–801. doi: 10.1038/287795a0 PMID: 6776413
68. Buescher M, Tio M, Tear G, Overton PM, Brook WJ, Chia W. Functions of the segment polarity genes
midline and H15 in Drosophila melanogaster neurogenesis. Dev Biol. 2006; 292(2):418–29. doi: 10.
1016/j.ydbio.2006.01.016 PMID: 16499900.
69. Liu QX, Hiramoto M, Ueda H, Gojobori T, Hiromi Y, Hirose S. Midline governs axon pathfinding by
coordinating expression of two major guidance systems. Genes Dev. 2009; 23(10):1165–70. doi: 10.
1101/gad.1774209 PMID: 19451216; PubMed Central PMCID: PMCPMC2685537.
70. Miskolczi-McCallum CM, Scavetta RJ, Svendsen PC, Soanes KH, Brook WJ. The Drosophila melano-
gaster T-box genes midline and H15 are conserved regulators of heart development. Dev Biol. 2005;
278(2):459–72. doi: 10.1016/j.ydbio.2004.11.026 PMID: 15680363.
71. Ingham PW, Martinez-Arias A. The correct activation of Antennapedia and bithorax complex genes
requires the fushi tarazu gene. 1986; 324:592–7. doi: 10.1038/324592a0 PMID: 2878371
72. Riley GR, Jorgensen EM, Baker RK, Garber RL. Positive and negative control of the Antennapedia
promoter P2. Dev Suppl. 1991; 1:177–85. PMID: 1683801.
73. Kuhnlein RP, Chen CK, Schuh R. A transcription unit at the ken and barbie gene locus encodes a
novel Drosophila zinc finger protein. Mech Dev. 1998; 79(1–2):161–4. PMID: 10349629.
74. Lukacsovich T, Yuge K, Awano W, Asztalos Z, Kondo S, Juni N, et al. The ken and barbie gene encod-
ing a putative transcription factor with a BTB domain and three zinc finger motifs functions in terminalia
development of Drosophila. Arch Insect Biochem Physiol. 2003; 54(2):77–94. doi: 10.1002/arch.10105
PMID: 14518006.
75. Arbouzova NI, Bach EA, Zeidler MP. Ken & barbie selectively regulates the expression of a subset of
Jak/STAT pathway target genes. Curr Biol. 2006; 16(1):80–8. doi: 10.1016/j.cub.2005.11.033 PMID:
16401426.
76. Matyash A, Chung HR, Jackle H. Genome-wide mapping of in vivo targets of the Drosophila transcrip-
tion factor Kruppel. J Biol Chem. 2004; 279(29):30689–96. doi: 10.1074/jbc.M403345200 PMID:
15131112.
77. Salzberg A, Prokopenko SN, He Y, Tsai P, Pal M, Maroy P, et al. P-element insertion alleles of essen-
tial genes on the third chromosome of Drosophila melanogaster: mutations affecting embryonic PNS
development. Genetics. 1997; 147(4):1723–41. PMID: 9409832; PubMed Central PMCID:
PMCPMC1208342.
78. Prokopenko SN, He Y, Lu Y, Bellen HJ. Mutations affecting the development of the peripheral nervous
system in Drosophila: a molecular screen for novel proteins. Genetics. 2000; 156(4):1691–715. PMID:
11102367; PubMed Central PMCID: PMCPMC1461357.
79. Milan M, Weihe U, Perez L, Cohen SM. The LRR proteins capricious and Tartan mediate cell interac-
tions during DV boundary formation in the Drosophila wing. Cell. 2001; 106(6):785–94. doi: 10.1016/
S0092-8674(01)00489-5 PMID: 11572783.
80. Milan M, Perez L, Cohen SM. Boundary formation in the Drosophila wing: functional dissection of
Capricious and Tartan. Dev Dyn. 2005; 233(3):804–10. doi: 10.1002/dvdy.20384 PMID: 15830355.
81. Krause C, Wolf C, Hemphala J, Samakovlis C, Schuh R. Distinct functions of the leucine-rich repeat
transmembrane proteins capricious and tartan in the Drosophila tracheal morphogenesis. Dev Biol.
2006; 296(1):253–64. doi: 10.1016/j.ydbio.2006.04.462 PMID: 16764850.
82. Mao Y, Kerr M, Freeman M. Modulation of Drosophila retinal epithelial integrity by the adhesion pro-
teins capricious and tartan. PLoS One. 2008; 3(3):e1827. doi: 10.1371/journal.pone.0001827 PMID:
18350163; PubMed Central PMCID: PMCPMC2265552.
83. Shinza-Kameda M, Takasu E, Sakurai K, Hayashi S, Nose A. Regulation of layer-specific targeting by
reciprocal expression of a cell adhesion molecule, capricious. Neuron. 2006; 49(2):205–13. doi: 10.
1016/j.neuron.2005.11.013 PMID: 16423695.
84. Johnson K, Knust E, Skaer H. bloated tubules (blot) encodes a Drosophila member of the neurotrans-
mitter transporter family required for organisation of the apical cytocortex. Dev Biol. 1999; 212(2):440–
54. doi: 10.1006/dbio.1999.9351 PMID: 10433833.
85. Colas J-F, Launay J-M, Vonesch J-L, Hickel P, Maroteaux L. Serotonin synchronises convergent
extension of ectoderm with morphogenetic gastrulation moevements in Drosophila. Mech Dev. 1999;
87:77–91. PMID: 10495273
86. Colas JF, Launay JM, Kellermann O, Rosay P, Maroteaux L. Drosophila 5-HT2 serotonin receptor:
coexpression with fushi-tarazu during segmentation. Proc Natl Acad Sci U S A. 1995; 92(12):5441–5.
doi: 10.1073/pnas.92.12.5441 PMID: 7777527.
Drosophila Ftz/Ftz-F1 Ttargets
PLOS ONE | DOI:10.1371/journal.pone.0163128 October 10, 2016 23 / 24
87. Colas JF, Launay JM, Maroteaux L. Maternal and zygotic control of serotonin biosynthesis are both
necessary for Drosophila germband extension. Mech Dev. 1999; 87(1–2):67–76. doi: 10.1016/S0925-
4773(99)00140-9 PMID: 10495272.
88. Schaerlinger B, Launay JM, Vonesch JL, Maroteaux L. Gain of affinity point mutation in the serotonin
receptor gene 5-HT2Dro accelerates germband extension movements during Drosophila gastrulation.
Dev Dyn. 2007; 236(4):991–9. doi: 10.1002/dvdy.21110 PMID: 17366631.
Drosophila Ftz/Ftz-F1 Ttargets
PLOS ONE | DOI:10.1371/journal.pone.0163128 October 10, 2016 24 / 24
